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Abstract
To uncover the genetic basis of behavioral traits in the model organism C. elegans, a com-
mon strategy is to study locomotion defects in mutants. Despite efforts to introduce (semi-)
automated phenotyping strategies, current methods overwhelmingly depend on worm-spe-
cific features that must be hand-crafted and as such are not generalizable for phenotyping
motility in other animal models. Hence, there is an ongoing need for robust algorithms that
can automatically analyze and classify motility phenotypes quantitatively. To this end, we
have developed a fully-automated approach to characterize C. elegans’ phenotypes that
does not require the definition of nematode-specific features. Rather, we make use of the
popular computer vision Scale-Invariant Feature Transform (SIFT) from which we construct
histograms of commonly-observed SIFT features to represent nematode motility. We first
evaluated our method on a synthetic dataset simulating a range of nematode crawling gaits.
Next, we evaluated our algorithm on two distinct datasets of crawling C. elegans with mu-
tants affecting neuromuscular structure and function. Not only is our algorithm able to detect
differences between strains, results capture similarities in locomotory phenotypes that lead
to clustering that is consistent with expectations based on genetic relationships. Our pro-
posed approach generalizes directly and should be applicable to other animal models.
Such applicability holds promise for computational ethology as more groups collect high-
resolution image data of animal behavior.
Introduction
Caenorhabditis elegans (C. elegans) is perhaps the best understood metazoan in terms of anato-
my, genetics, development, and behaviour [1]. This transparent, free-living nematode has been
widely used as a model organism ever since its first introduction over 40 years ago [2]. In
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particular, C. elegans is commonly used to investigate fundamental questions in biology, in-
cluding behavioural genetics [3], neuroscience [4, 5], drug screening and development [6] and
modelling different aspects of human diseases amongst others [7].
To uncover the genetic basis of behavioural traits in C. elegans, a widespread strategy has
been to study experimentally locomotion defects in mutants. In reverse genetics, strains with
known mutations are phenotyped to determine whether or not the gene of interest has an effect
on motility [8]. Since traditional approaches to classifying patterns of C. elegansmovement
have often been based on manual annotation [9], motility phenotyping is often imprecise or
qualitative, as well as time consuming. As a result, there is a necessity for algorithms that can
automatically analyse and classify C. elegansmotility phenotypes quantitatively.
In general, (semi-)automated classification methodologies developed to date have been cen-
tred around the combination of (i) computer vision techniques to extract motility data from
images [10–24] and (ii) statistical learning techniques to build classifiers of observed motility
data [10–14, 16, 22, 23, 25, 26]. The first step typically includes the extraction of motility data
by segmenting nematodes from their backgrounds (i.e. environment) in video sequences; this
step has frequently been accompanied by the extraction of the nematode centreline (i.e. “skele-
ton”) in order to provide a one-dimensional line representation of nematode kinematics. Spe-
cific features describing physical properties such as body length, speed, angular position, body
texture (i.e. gray-scale intensity) or posture (i.e. curvature) to name but a few, are then ex-
tracted either directly from the segmented binary worm image or the extracted skeleton [10,
11, 14, 18].
Studies on C. elegans locomotion in various environments (e.g. fluid) have coupled body ki-
nematics extracted from digital image processing with biomechanical and hydrodynamic mod-
els from which parameters such as nematode tissue stiffness (e.g. Young’s modulus),
propulsive forces, power (i.e. thrust) and tissue viscosity have been estimated [17–21, 24]. The
use of such biomechanical motility parameters, coined biomechanical profiling (BMP), was re-
cently introduced to analyse the phenotypic properties of several well-described mutants with
defects in neuromuscular structure and function [22], in an effort to deliver more sensitive
metrics for these defects. Quantitative BMP parameters were then clustered using standard hi-
erarchical clustering techniques [27]. Parallel to these efforts, an alternative phenotyping ap-
proach suggested using an unsupervised search for behavioural motifs to define locomotive
phenotypes [23]. In their work, the authors projected nematode skeletons onto wild-type-de-
rived “eigenworms” corresponding to four basic body postures previously described for wild-
type nematodes [28] and subsequently searched for closely repeated subsequences. The motifs
were combined into a dictionary and used to quantitatively relate mutants to each other [23].
All the aforementioned phenotyping methods are based on initially segmenting worms
from their background (environment) and subsequently deriving worm-specific morphological
and kinematic features. These frameworks have the advantage of having physically interpret-
able features; these however are time consuming to define and do not generalise to animals
with different morphologies or interacting animals. Moreover, the misclassification error rate
may rise significantly when attempting to classify mutants with closely-related phenotypes
[14]. While up to several hundred features may be “hand-crafted” at first, dimensionality re-
duction (e.g. PCA) has revealed that not all of these features are informative and that the cate-
gory variance can be captured by a much smaller subset of features [10, 11, 25].
Motivated by these ongoing limitations, we have developed a novel approach to characterize
C. elegans phenotypes that does not require the definition of animal-specific features. Instead,
we make use of the widely-known Scale-Invariant Feature Transform (SIFT) [29] as an elemen-
tary image feature from which we construct histograms of commonly-observed SIFT features
to represent nematode motility; hence, our approach is entirely independent of any physical
Motility Phenotyping C. eleganswith SIFT
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parameters characterizing the nematode. We first evaluated our proof-of-concept method on a
synthetic dataset simulating a range of idealized, yet distinct C. elegans locomotory behaviours
[30]. Next, we evaluated our SIFT-based approach on two distinct datasets of crawling C. ele-
gans with mutants affecting neuromuscular structure and function; namely, (i) a subset of 15
mutant strains from a database of single-worm tracking videos [25] and (ii) a set of 8 strains
analysed using the recent BMP method [22]. Overall, our proposed approach generalises di-
rectly and should be applicable to other animals, even those with very different morphologies,
with little foreseen modification to the general algorithmic framework. Applicability across
other animal models is important for realizing the full promise of computational ethology as
more groups collect high-resolution image data of animal behaviour [31].
Results
The following results were obtained using our SIFT-BoW algorithm (see Methods section).
Briefly, our method characterizes videos of visible motility features by constructing a visual vo-
cabulary of nematode motion. Our vocabulary relies on visual “words” (or image features with
large description power), and allows us to construct histograms of occurring words to describe
any video sequence. These histograms can then be compared to each other providing a quanti-
tative similarity metric for locomotion. See Methods for more details and Supplementary Infor-
mation (S1 Matlab) for available open source Matlab code.
Simulated datasets
In order to assess the feasibility of our phenotyping algorithm, we first evaluated it on a syn-
thetically generated dataset simulating a range of ideal, yet distinctive, C. elegans locomotory
behaviours. The motivation for investigating synthetic nematode locomotion is that we can
quantify how physical parameters affecting locomotory phenotypes (e.g. body amplitude, beat-
ing frequency, body wavelength) are mapped by our approach; this first step seems appropriate
given the wide variability of C. elegansmotile behaviour under crawling assays [32].
Briefly, the spatio-temporal kinematics of a nematode are modelled as a sinusoidal travelling
wave (see S2 Script for open source Matlab script), i.e. A sin (kx − ωt)e−x/l, where A is the nema-
tode body amplitude, k is the wavenumber (k = 2π/λ, where λ is the nematode wavelength), ω
is the nematode’s angular beating frequency (ω = 2πf, where f is the frequency in Hz), x repre-
sents a vector of spatial coordinates (* 200 pixels long) and l is the exponential decay length
of the nematode body amplitude from head to tail. The nematode forward speed is fixed by U
= ω/k such that the worm does not appear to slide but delivers a smooth crawling gait. Note
that the modelled kinematics are restricted to the main locomotory behaviour of C. elegans
crawling forward [18, 21, 30]; such motion represents only a subset of the wide range of known
behaviours exhibited by the nematode [25, 33, 34], including amongst other moving back-
wards, pauses, deep bends, or reversals and reorientations known as “omega turns”.
To test our algorithm, we generated 3 distinct datasets where each set consists of 20 simulat-
ed strains, with 20 individual videos in every strain. For each dataset, one of the main parame-
ters (i.e. body amplitude, beating frequency or body wavelength) was gradually changed across
the simulated strains, while the other two parameters were held constant (see Table 1). Values
of the parameters were chosen to match realistic physiological properties of crawling C.elegans
[30]. In particular, to model the variability of nematode motility behaviour [30], a finite
amount of noise was included in the synthetic datasets, where videos within a given strain in-
clude a 10% variance for each parameter. Each simulated video represents 10 seconds of mo-
tion, constructed of 250 individual frames acquired at 25 frames per second (fps); note that the
background of the videos is white without texture or noise. Moreover, similar to recent single-
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worm tracking experiments for crawling assays [23, 25], worms are re-entered in the frame
based on the skeleton centroid position. Examples of nematode body postures are presented in
Fig. 1 for sample combinations of the controlled locomotory parameters (see Supplementary
Information for corresponding movies S1-S6 of simulated worms).
In Fig. 2 (left column), we present the average distance matrices for the three simulated
datasets of Table 1. Matrices are symmetric along their diagonal line and color-coded accord-
ing to the mean Euclidean pairwise distances (in arbitrary units) between simulated strains;
each coloured tile in the map represents the average distance for 20 × 20 pairs. Across the three
matrices a rather striking pattern arises; this is most distinguishable for the parameter sweep
associated with amplitude A (Fig. 2, top row). The average distance between simulated strains
grows gradually, and often monotonically, from approximately 0.04 (min) to 0.17 (max) as we
look at strains located further away from each other. Physically, distinctions in motility are
more obvious between strains with extremely low and high body amplitudes.
For the other two simulated datasets (Fig. 2, middle and bottom rows), the gradual pattern
also exists but becomes more subtle and complex, where maximal values in the average dis-
tances observed are smaller (approximately 0.11 and 0.13 for frequency and wavenumber, re-
spectively). This follows partly from the tighter range of values simulated (Fig. 2, bottom row).
Physically, nematodes display a wider range in amplitude changes compared to wavelength
[30]; this may be a consequence of the finite range of gait modulation available to the organism
through neuromuscular control [36, 37]. For example, looking back at Table 1, while the range
of amplitudes in our simulations more than doubles from 16 to 35 pixels (Set I), the wavelength
Table 1. Parameter values and corresponding units for simulated datasets of synthetic nematodes. For each parameter value a 10% variance is in-
cluded to account for variability in nematode motility behaviour according to published data [30].
Simulated Set Amplitude A [pixel] Frequency f [Hz] Wavenumber k = 2π/λ [1/pixel]
I 16: 1: 35 0.36 0.05
II 18 0.06: 0.02: 0.44 0.05
III 18 0.36 0.044: 5 × 10−4: 0.0535
doi:10.1371/journal.pone.0122326.t001
Fig 1. Instantaneous snapshots of synthetically-generated nematode postures. Sample postures
shown for the range of (A) minimum and (B) maximum body amplitudes A as well as (C) minimum and (D)
maximum body wavenumber k, according to Table 1. Corresponding supplementary videos are available in
the SM.
doi:10.1371/journal.pone.0122326.g001
Motility Phenotyping C. eleganswith SIFT
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Fig 2. Phenotyping analysis for synthetic nematode data (range shown in Table 1). Left column: distance matrix of average Euclidean distances
between classes for parameter sweep in amplitude A (A), body frequency f (D) and body wavenumber k (G). Middle column (B, E, H): corresponding matrix
for p-values obtained when comparing pairwise a given class with another, following a non-parametric two-sample test for multivariate samples using the
minimum statistical energy test [35]. Note that matrices only show values in the upper-triangular region (due to symmetry) where the diagonal is not
computed. Significance (black tiles) is set for a confidence level of 95% (p< 0.05). Right column (C, F, I): corresponding branching diagrams (i.e.
dendrograms) that represent a hierarchy based on the relationships of similarity among different classes.
doi:10.1371/journal.pone.0122326.g002
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increases by less than 25% from 0.044 to 0.0535 (Set III). Thus, with a fixed 10% variance in-
cluded for each simulated strain, the overlap between neighbouring strains increases in accor-
dance with increasing parameter value; not surprisingly, the diagonals of the matrices illustrate
small yet non-zero values. Nevertheless, the maximum standard error (S.E.) observed across all
matrices remains less than 2.5% of the average distance.
In order to examine the significance of the differences obtained between any two pair of
classes, we performed a non-parametric two-sample test for multivariate samples using the
minimum statistical energy test described in [35], which is minimized when the two samples
are drawn from the same parent distribution. Fig. 2 (middle column) presents the correspond-
ing matrices of p-values obtained when comparing pairwise a given class with another. Note
that matrices only show values in the upper-triangular region (due to symmetry) where the di-
agonal is not computed; significance (black tiles) is set for a confidence level of 95% (p 0.05).
Our results indicate that statistical significance is overwhelmingly met for the datasets sweep-
ing through both amplitude (top row) and frequency (middle row) changes, whereas for
changes in wavelength (bottom row) results are significant for* 50% of the cases. This latter
result is not surprising given the tight parameter sweep (noted above) and hence the large rela-
tive overlap given a fixed 10% variance. As such, our algorithm is most sensitive to amplitude
and frequency changes over the physiological range of parameters simulated under crawling
conditions [30].
Corresponding dendrograms (Fig. 2, right column) for the distance matrices are computed
according to the well-established numerical classification scheme described in [38]. Briefly, this
branching diagram represents a hierarchy based on the relationships of similarity among dif-
ferent classes. The algorithm is based on (i) first computing Euclidean distances between clas-
ses (as seen in Fig. 2, left column), (ii) grouping pairs of classes into a binary, hierarchical
cluster tree according to the distances and, (iii) finally pruning branches off the bottom of the
hierarchical tree, and assign all the classes below each cut to a single cluster so as to partition
the data; this last step is done by detecting natural groupings in the hierarchical tree. Ideally,
for our synthetic datasets one would expect a gradual and monotonic ordering across the clas-
ses (sequentially from 1 to 20). Our results generally capture such sequencing, although a num-
ber of permutations in the ordering of classes arises and breaks the monotonic trend. As
anticipated, such permutations are most pronounced for the parameter sweep in k (bottom
row). Nevertheless, the clustering of classes remains generally successful and overall our algo-
rithm is capable of discriminating between classes according to the (average) Euclidean dis-
tance between histograms of visual words.
Nematode motility data I
Following the above results, we then analysed a subset of videos from a previously published
worm behaviour database [25]. Briefly, each raw video spans 15 minutes and contains a single
young adult hermaphrodite that is spontaneously behaving on a patch of bacterial food (E.
coli). Nematodes are kept in the center of the field of view (FOV) using a motorized stage and
custom software that automatically tracks the worm (Fig. 3A); see Yemini et al. [25] for a more
complete description of the methodology.
For each strain investigated, 20 videos per strain were randomly selected for analysis. The
camera magnification was set between 3.5 and 4.5 μm per pixel, corresponding to a FOV of ap-
proximately 2.5 × 2 mm2 at 640 × 480 pixel resolution. The frame rate was set at 20–30 fps.
Next, video frames were down-sampled by a factor of 5 (i.e. sampling every 5th frame) in order
to decrease the video size as well as increase the difference in nematode displacement between
Motility Phenotyping C. eleganswith SIFT
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consecutive frames. Each frame was then segmented using a simple thresholding step to sepa-
rate worms from the background [23].
We tested our algorithm on 15 strains, where we included several groups of strains based
primarily on their genetic relationships. The first subset contains strains that have different
mutations affecting the same gene (egl-21(n611) and egl-21(n476), trpa-2(tm3085), trpa-2
(tm3092) and trpa-2(ok3189), unc-98(st85) and unc-98(su130), unc-108(n777) and unc-108
(n501)). The second subset has mutations in genes that code for different parts of known pro-
tein complexes (unc-63(ok1070) and unc-38(e264), unc-79(e1068) and unc-80(e1069)). Finally,
we also included two strains that were found to cluster together in a previous analysis (acd-5
(ok2657) and asic-2(ok289)) [23]. Note that unlike our simulated datasets, videos of real worms
(this also includes “Nematode motility data II”, see below) are not restricted to capturing for-
ward motion only but sample rather a broad range of locomotion traits (e.g. pauses, backward
motion, etc.); moreover, mutant strains may potentially exhibit locomotory behaviours that are
not seen in wild type nematodes, including rolling, coiling, omega bends, to name a few.
Average distances between strains are presented in Fig. 4A and range between approximate-
ly 0.11 (min) and 0.25 (max), with a maximum standard error less than 2.8% of the average dis-
tance. Following the clustering method described above, the corresponding clustering tree is
shown in Fig. 4C. We find that 3 out of 7 expected groups are clustered as nearest neighbours
with 2 other pairs separated by only one branch. In pairwise comparisons, we find statistically
significant differences for 92 out of 105 strain pairs (Fig. 4B). Furthermore, out of the 13 pairs
where the difference was not significant, 5 belonged to genetically related groups; for example,
looking at Fig. 4B, cells {5, 6}, {5, 7} and {6, 7} do not exhibit significant differences between the
strains with different alleles of trpa-2.
In other words, the algorithm is able to detect differences between almost all of the strain
pairs while still capturing similarities in locomotory phenotypes that lead to a clustering that is
consistent with expectations based on genetic relationships between strains. This is the case
even though our approach was conducted without having any worm-specific features defined.
We briefly note that collection of worm data was randomized; as such, day-to-day effects are
not anticipated in the outcome of our phenotyping analysis and strains that cluster together do
not correlate with recordings obtained at similar dates and/or times [25]. As a final note, the
total computational runtime (i.e. 15 strains × 20 videos/strain × 900 frames/video = 270,000
frames of 640 × 480 pixel size) using 12 cores is approximately 196 min (5 independent runs),
Fig 3. Instantaneous frames of nematode crawling assays. (A) Sequence showing a crawling nematode kept in the center of the field of view (FOV) using
a motorized stage and custom software that automatically tracks the worm; data taken from [25]; see Results section for “Nematode motility data I”. (B)
Sequence showing a nematode crawling in a fixed FOV; see Results section for “Nematode motility data II”. In both (A) and (B), time-lapse sequence shown
for every 5th frame and nematodes are approximately 1 mm long.
doi:10.1371/journal.pone.0122326.g003
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and is partitioned between building the visual vocabulary (43 min) and generating the corre-
sponding histograms (153 min).
Nematode motility data II
To further assess the performance of our SIFT-BoW algorithm, we next tested our approach
with several mutant strains affecting neuromuscular structure and function from a previously
published dataset [22]. Briefly, video acquisition was performed on hypochlorite-synchronized
young adult animals grown at 25oC (Fig. 3B). Worms were transferred to 3cm NGM plates
with no food for 2 minutes before recording. Recordings of C. elegans crawling (approximately
10 s long) were obtained by a Leica S8APO microscope equipped with a Leica DFC 295 camera
(1024 × 768 pixels) at 26 fps using standard bright field microscopy at 32× magnification. For
each strain investigated (i.e. all videos are available at http://dx.doi.org/10.7910/DVN/29216),
10 videos per strain were randomly selected for analysis; as described above, video frames were
down-sampled by a factor of 5 (i.e. sampling every 5th frame) and segmented using a simple
thresholding step to separate worms from the background. The following strains were used: N2
(wild-type); dys-1(ls292); dyb-1(ls505); unc-17(cb933); acr-16(rb918); acr-2(rb1559); sgn-1
(rb1882); ace-1(vc505). All C. elegans strains were obtained from the Caenorhabditis elegans
Genetic Stock Center (CGC) and maintained using standard culture methods [2]. Note that
the aforementioned strains include well-described mutants affecting two aspects of neuromus-
cular function: synaptic transmission and sarcomere stability.
In Fig. 5 we present results for (A) the pairwise inter-distance similarity matrix, (B) the cor-
responding significance test, and (C) the resulting clustering tree (dendrogram). We note that
the average pairwise distances between strains range from approximately 0.13 (min) up to 0.47
(max), with a maximum standard error (S.E.) less than 6.7% of the average distance. In pair-
wise comparisons, we find significant differences for 53 out of 56 pairs (Fig. 5B).
As expected, our computational clustering method reveals that genes with related biological
function cluster closest together (Fig. 5C). For example, dys-1mutants robustly cluster with
sgn-1 and dyb-1mutants. Indeed, dys-1 (dystrophin), sgn-1 (sarcoglycan), and dyb-1 (dystro-
brevin) encode protein components of the dystrophin-associated glycoprotein complex
Fig 4. Locomotion similarity between 15mutant strains. (A) Distance matrix of average Euclidean distances between mutant strains (strains are ordered
alphabetically). (B) Corresponding matrix for p-values for pairwise strain comparisons. Black tiles indicate significant differences, p< 0.05 using the
minimum energy test. (C) Hierarchical clustering (dendrogram) of mutant strains based on the distance matrix in A. The coloured bars indicate strains that are
expected to cluster together based on known functional relationships or, in the case of acd-5 and asic-2, previous clustering results from other methods [23].
doi:10.1371/journal.pone.0122326.g004
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(DAGC), which links the cytoskeleton to the extracellular matrix in muscles [39]. Similarly, the
other cluster is primarily composed of genes involved in acetylcholine signaling, such as acr-2
and acr-16 (nicotinic acetylcholine receptor subunits) [40, 41], ace-1 (acetylcholinesterase)
[42], and unc-17 (synaptic vesicle acetylcholine transporter) [43]. Altogether, these results fur-
ther support the utility of our approach.
As a final note, the total computational runtime (i.e. 8 strains × 10 videos/strain × 70
frames/video = 5,600 frames of 1024 × 768 pixel size) using 12 cores is approximately 7.3 min
(5 independent runs), and is partitioned between building the visual vocabulary (1.7 min) and
generating the corresponding histograms (5.6 min).
Discussion and Outlook
In the present work, we have attempted to develop a robust, relatively fast and fully-automated
phenotyping algorithmic approach to evaluate similarity relations between different strains of
C. elegans, with no need for defining nematode-specific morphological or kinematic features.
While widely-accepted “ground truth” data regarding proximity relations between nematode
strains are still not widely available, we have shown in the examples above that our approach
delivers clustering results on real nematode data that is coherent with other nematode-specific
feature-based techniques [22, 23, 25].
Overall, SIFT descriptors are found to be computationally efficient when attempting to de-
scribe nematode posture and locomotion. By applying such descriptors not only to individual
static frames but differences between frames as well, we were able to extract information associ-
ated with nematode posture (i.e. amplitude, wavelength), body frequency and locomotion
speed amongst others. We achieved reasonable performance using SIFT descriptors but it may
be possible to improve the method in the future using other kinds of computer vision-based de-
scriptors, including for example Shape Context descriptors [44], Self-Similarity descriptors
[45] or Global Self-Similarity descriptors [46].
We note that for the crawling assays tested, the segmentation scheme (i.e. simple threshold-
ing technique) we used was simple to implement and relatively fast. However, on other types of
nematode data, such as with lower image quality or featuring other motility assays (e.g.
Fig 5. Locomotion similarity between 8 mutant strains. (A) Distance matrix of average Euclidean distances between mutant strains (strains are ordered
alphabetically). (B) Corresponding matrix for p-values for pairwise strain comparisons. Black indicates significant differences, p< 0.05 using the minimum
energy test. (C) Hierarchical clustering (dendrogram) of mutant strains based on the distance matrix in A.
doi:10.1371/journal.pone.0122326.g005
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swimming assays, microfluidic cells, etc.), a simple thresholding scheme is anticipated to per-
form significantly less well [47]. For such applications, more elaborate segmentation strategies
relying for example on the use of combined intensity and texture-based features integrated
within a probabilistic framework [48] have shown great promise and can easily be integrated
into our current approach.
It must be stressed again that one underlying limitation of our approach lies in that the re-
sultant relations between strains cannot be straightforwardly translated back into morphologi-
cal or kinematic characteristics of locomotion. Unlike alternative methods that rely on defining
and extracting physical characteristics, the physical origin for the distance metric obtained be-
tween strains may not be easily deduced. Unlike methods that require the pre-determination of
physical metrics of interest [10, 11, 14], the user is only required here to arrange the videos into
folders and the algorithm then proceeds automatically. The outlined approach is in this sense a
fully-automated motility phenotyping scheme.
As a final note, the scheme presented here is very general in nature and can be applied in
principle to other tasks relating to motility phenotyping, with small local modifications. Such
tasks could include investigating different aspects of C. elegans biology including development
stages or sex (males vs. hermaphrodites) or expanding possibly to other model organisms (e.g.
flies, fish or mice). Such applicability across other animal models will be particularly useful as
more groups collect high-resolution image data of animal behaviour [31].
Methods
Our method relies on the widely-used Bag-of-Words (BoW) model [49, 50] to represent motil-
ity videos as histograms of typically occurring Scale-Invariant Feature Transform (SIFT) de-
scriptors [51]. Our implementation is a variation of the SIFT-bag model introduced in [52].
The algorithm was implemented in Matlab and relies on the freely available VL_FEAT library
[53]. The algorithm is schematically illustrated in Fig. 6.
Data organization and preprocessing
Each video is preprocessed to simplify analysis. We begin by automatically segmenting the
nematode from its background by applying a fixed threshold to the image pixels and do so on
each frame of a given video in the dataset; note that automatic segmentation of nematodes in
more complex environments can also be achieved by using more sophisticated strategies as re-
cently detailed in Greenblum et al. [48].
In addition, we pre-sampled the volumes every 5 frames in order to reduce the quantity of
data and also to increase the variability between consecutive frames. The pre-sampled segment-
ed volumes were used for further analysis.
Building a visual vocabulary
From the complete set of videos, we randomly select a quarter of the videos, spread out uni-
formly across each nematode class. This small subset will be used to generate a visual vocabu-
lary which will allow us to visually characterize motility. From each video of the subset, we
randomly select N = 15 blocks ofM = 60 consecutive frames making sure that none of the se-
lected blocks overlap. Note that for very short videos, this random block sampling was omitted.
From these blocks and using the segmented images from the preprocessing stage, SIFT key-
points were computed on nematode pixels only and associated descriptors were extracted.
We then clustered each of the SIFT descriptors extracted from the blocks using a k-means
clustering algorithm (not to be confused with the wavenumber k, see Table 1). This clustering
yields k canonical, ormean descriptors, such that any descriptor can be categorized as
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Fig 6. Schematic flowchart of the SIFT-BoW algorithm. See Methods section for details.
doi:10.1371/journal.pone.0122326.g006
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belonging to one of the kmean descriptors by computing the minimum Euclidean distance to
each mean descriptor.
Using another randomly selected 25% of videos (with overlap) we repeat the process de-
scribed in this subsection this time computing the SIFT keypoints and descriptors not on the
original image data but rather on the temporal derivate images. These temporal images are
computed by subtracting consecutive frames of the original data. Hence, this provides motion
information over time. From these new SIFT descriptors, we compute a new set of kmean de-
scriptors using k-means clustering again.
Together, both set of kmean descriptors (one on the raw image data and one on the tempo-
ral gradient image data) characterize our visual vocabulary. The Davies-Bouldin index [54] was
used for the optimization of k. The vocabulary is stored in a k-d tree structure [55] in order to
ease the search for closest match while building the histograms in the following step.
Video characterization by histograms
Using the nematode segmentations, we compute SIFT descriptors in N non-overlapping blocks
ofM frames on both the raw image and the temporal images (computed as described above).
The collected SIFT descriptors from the segmented images are then used to build a k-sized
histogram, i.e. k bins. For each SIFT descriptor extracted, we compute its Euclidean distance to
each of the mean descriptors. We attribute to a particular SIFT descriptor the mean descriptor
which is closest to it in terms of Euclidean distance. Having done so for each SIFT descriptor,
we count the number of occurrences of each mean descriptor in the selected blocks, which re-
sults in a histogram of size k bins. To preserve invariance to the overall number of descriptors
collected, the histogram is normalized to sum to one. The same operations are then repeated
for the temporal difference image SIFT and mean descriptors, yielding a second k size histo-
gram. Both histograms are then concatenated together to form a 2k sized histogram. This pro-
cess can then be performed on each video in the dataset.
Calculating a distance matrix
Having characterized videos by an informative histogram, we now build a distance matrix over
the entire dataset. Each cell in the matrix represents the average distance between two classes.
Examples of such distance matrices are shown in the results of Figs. 2, 4 and 5. Such maps visu-
ally depict the distance matrix and naturally, the matrix is symmetric along its diagonal. In
each element of the matrix, we depict the mean distance between two classes which we com-
pute as being the mean Euclidean distance between each possible pairing of both classes, e.g.
two classes with 20 videos would yield 20 × 20 = 400 possible distances; note that, the resulting
distance between two volumes represents the Euclidean distance between their two respective
histograms and thus has arbitrary units. From such data, we can thus also compute the
average ± standard error (S.E.) of the pairwaise inter-distances between classes.
Supporting Information
S1 Script. Open source Matlab script package for the SIFT-BOW algorithm.
(ZIP)
S2 Script. Matlab script to generate sequences of synthetic worms according to beating
frequency, wavelength and body amplitude.
(M)
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S1 Video. Example of synthetic worm crawling (A = 16 [pixel], f = 0.36 [Hz], k = 0.05
[1/pixel]).
(AVI)
S2 Video. Example of synthetic worm crawling (A = 35 [pixel], f = 0.36 [Hz], k = 0.05
[1/pixel]).
(AVI)
S3 Video. Example of synthetic worm crawling (A = 18 [pixel], f = 0.06 [Hz], k = 0.05
[1/pixel]).
(AVI)
S4 Video. Example of synthetic worm crawling (A = 18 [pixel], f = 0.44 [Hz], k = 0.05
[1/pixel]).
(AVI)
S5 Video. Example of synthetic worm crawling (A = 18 [pixel], f = 0.36 [Hz], k = 0.44
[1/pixel]).
(AVI)
S6 Video. Example of synthetic worm crawling (A = 18 [pixel], f = 0.36 [Hz], k = 0.0535
[1/pixel]).
(AVI)
Acknowledgments
Some nematode strains were provided freely by the Caenorhabditis Genetic Center (CGC) at
the University of Minnesota.
Author Contributions
Conceived and designed the experiments: JS RS PEA. Performed the experiments: YK CC PK
AEXB. Analyzed the data: YK RS. Contributed reagents/materials/analysis tools: AEXB PK.
Wrote the paper: YK AEXB PK RS JS.
References
1. WoodWB. The nematode Caenorhabditis elegans. Cold Spring Harbor monograph series. Cold Spring
Harbor Laboratory; 1988.
2. Brenner S. The genetics of Caenorhabditis elegans. Genetics. 1974; 77(1):71–94. PMID: 4366476
3. Rankin CH. From gene to identified neuron to behaviour in Caenorhabditis elegans. Nature Reviews
Genetics. 2002; 3(8):622–630. PMID: 12154385
4. Greenblum A, Sznitman R, Fua P, Arratia PE, Oren M, Podbilewicz B, et al. Dendritic tree extraction
from noisy Maximum Intensity Projection images in C. elegans. BMC Biomedical Engineering Online.
2014; 13:74. doi: 10.1186/1475-925X-13-74
5. Oren-Suissa M, Hall D, Treinin M, Shemer G, Podbilewicz B. The fusogen EFF-1 controls sculpting of
mechanosensory dendrites. Science. 2010; 328:1285–1288. doi: 10.1126/science.1189095 PMID:
20448153
6. Artal-Sanz M, de Jong L, Tavernarakis N. Caenorhabditis elegans: a versatile platform for drug discov-
ery. Biotechnol J. 2006; 1(12):1405–18. doi: 10.1002/biot.200600176 PMID: 17109493
7. Silverman GA, Luke CJ, Bhatia SR, Long OS, Vetica AC, Perlmutter DH, et al. Modeling molecular and
cellular aspects of human disease using the nematode Caenorhabditis elegans. Pediatr Res. 2009; 65
(1):10–8. doi: 10.1203/PDR.0b013e31819009b0 PMID: 18852689
8. Brown, AEX, Schafer, WR. Automated behavioural fingerprinting of C. elegans mutants. arXiv preprint
arXiv:13011017. 2013;.
Motility Phenotyping C. eleganswith SIFT
PLOSONE | DOI:10.1371/journal.pone.0122326 March 27, 2015 13 / 16
9. Hodgkin J. Male phenotypes and mating e ciency in Caenorhabditis elegans. Genetics. 1983; 103
(1):43–64. PMID: 17246100
10. Baek JH, Cosman P, Feng Z, Silver J, Schafer WR. Using machine vision to analyze and classify Cae-
norhabditis elegans behavioral phenotypes quantitatively. Journal of Neuroscience Methods. 2002;
118(1):9–21. doi: 10.1016/S0165-0270(02)00117-6 PMID: 12191753
11. GengW, Cosman P, Baek JH, Berry CC, Schafer WR. Quantitative classification and natural clustering
of Caenorhabditis elegans behavioral phenotypes. Genetics. 2003; 165(3):1117–1126. PMID:
14668369
12. GengW, Cosman PC, Baek JH, Berry CC, Schafer WR. Image Features and Natural Clustering of
Worm Body Shapes and Motion. In: SIP; 2003. p. 342–347.
13. Geng, W, Cosman, P, Huang, C, Schafer, W. Automated worm tracking and classification. In: Signals,
Systems and Computers, 2004. Conference Record of the Thirty-Seventh Asilomar Conference on.
vol. 2. IEEE; 2003. p. 2063–2068.
14. GengW, Cosman P, Berry CC, Feng Z, Schafer WR. Automatic tracking, feature extraction and classifi-
cation of C. elegans phenotypes. Biomedical Engineering, IEEE Transactions on. 2004; 51(10):1811–
1820. doi: 10.1109/TBME.2004.831532
15. Feng Z, Cronin CJ, Wittig JH, Sternberg PW, Schafer WR. An imaging system for standardized quanti-
tative analysis of C. elegans behavior. BMC bioinformatics. 2004; 5(1):115. doi: 10.1186/1471-2105-5-
115 PMID: 15331023
16. Cronin CJ, Feng Z, Schafer WR. Automated imaging of C. elegans behavior. In: C. elegans. Springer;
2006. p. 241–251. doi: 10.1385/1-59745-151-7:241
17. Korta J, Clark DA, Gabel CV, Mahadevan L, Samuel AD. Mechanosensation and mechanical load
modulate the locomotory gait of swimming C. elegans. Journal of Experimental Biology. 2007; 210
(13):2383–2389. doi: 10.1242/jeb.004572 PMID: 17575043
18. Sznitman J, Purohit PK, Krajacic P, Lamitina T, Arratia PE. Material properties of Caenorhabditis ele-
gans swimming at low Reynolds number. Biophysical journal. 2010 Feb; 98(4):617–626. doi: 10.1016/j.
bpj.2009.11.010 PMID: 20159158
19. Sznitman J, Shen X, Purohit PK, Arratia PE. The e ects of fluid viscosity on the kinematics and material
properties of C. elegans swimming at low Reynolds number. Experimental Mechanics. 2010; 50
(9):1303–1311. doi: 10.1007/s11340-010-9339-1
20. Sznitman J, Shen X, Sznitman R, Arratia PE. Propulsive force measurements and flow behavior of un-
dulatory swimmers at low Reynolds number. Physics of Fluids (1994-present). 2010; 22(12):121901.
doi: 10.1063/1.3529236
21. Shen X, Sznitman J, Krajacic P, Lamitina T, Arratia P. Undulatory locomotion of Caenorhabditis ele-
gans on wet surfaces. Biophysical journal. 2012; 102(12):2772–2781. doi: 10.1016/j.bpj.2012.05.012
PMID: 22735527
22. Krajacic P, Shen X, Purohit PK, Arratia P, Lamitina T. Biomechanical profiling of Caenorhabditis ele-
gans motility. Genetics. 2012; 191(3):1015–1021. doi: 10.1534/genetics.112.141176 PMID: 22554893
23. Brown AEX, Yemini EI, Grundy LJ, Jucikas T, Schafer WR. A dictionary of behavioral motifs reveals
clusters of genes a ecting Caenorhabditis elegans locomotion. Proceedings of the National Academy of
Sciences. 2013; 110(2):791–796. doi: 10.1073/pnas.1211447110
24. KuoWJ, Sie YS, Chuang HS. Characterizations of kinetic power and propulsion of the nematodeCae-
norhabditis elegans based on a micro-particle image velocimetry system. Biomicrofluidics. 2014; 8
(2):024116. doi: 10.1063/1.4872061 PMID: 24803965
25. Yemini E, Jucikas T, Grundy LJ, Brown AEX, Schafer WR. A database ofCaenorhabditis elegans be-
havioral phenotypes. Nature Methods. 2013; 10(9):877–879. doi: 10.1038/nmeth.2560 PMID:
23852451
26. Yu H, Aleman-Mezaa B, Gharib S, Labochaa MK, Cronin CJ, Sternberg PW. Systematic profiling of
Caenorhabditis elegans locomotive behaviors reveals additional components in G-protein G q signal-
ing. Proceedings of the National Academy of Sciences. 2013; 110:11940–11945. doi: 10.1073/pnas.
1310468110
27. Saeed A, Sharov V, White J, Li J, LiangW, Bhagabati N, et al. TM4: a free, open-source system for mi-
croarray data management and analysis. Biotechniques. 2003; 34(2):374. PMID: 12613259
28. Stephens GJ, Johnson-Kerner B, Bialek W, RyuWS. Dimensionality and dynamics in the behavior of
C. elegans. PLoS computational biology. 2008; 4(4):e1000028. doi: 10.1371/journal.pcbi.1000028
PMID: 18389066
29. Lowe DG. Distinctive image features from scale-invariant keypoints. International Journal of Computer
Vision. 2004; 60:91–110. doi: 10.1023/B:VISI.0000029664.99615.94
Motility Phenotyping C. eleganswith SIFT
PLOSONE | DOI:10.1371/journal.pone.0122326 March 27, 2015 14 / 16
30. Karbowski J, Cronin CJ, Seah A, Mendel JE, Cleary D, Sternberg PW. Conservation rules, their break-
down, and optimality in Caenorhabditis sinusoidal locomotion. Journal of Theoretical Biology. 2006;
242(3):652 – 669. doi: 10.1016/j.jtbi.2006.04.012 PMID: 16759670
31. Anderson DJ, Perona P. Toward a science of computational ethiology. Neuron. 2014; 84:18–31. doi:
10.1016/j.neuron.2014.09.005 PMID: 25277452
32. Gray JM, Hill JJ, I BC. A circuit for navigation in Caenorhabditis elegans. Proceedings of the National
Academy of Sciences USA. 2005; 102:3184–3191. doi: 10.1073/pnas.0409009101
33. Huang C, Cosman P, Schafer WR. ‘Machine vision based detection of omega bends and reversals in
C. elegans. Journal of Neuroscience Methods. 2006; 158:323–336. doi: 10.1016/j.jneumeth.2006.06.
007 PMID: 16839609
34. Huang C, Cosman P, Schafer WR. Automated detection and analysis of foraging behavior inCaenor-
habditis elegans. Journal of Neuroscience Methods. 2008; 171:153–164. doi: 10.1016/j.jneumeth.
2008.01.027 PMID: 18342950
35. Boyle JH, Berri S, Cohen N. Gait modulation in C elegans: an Integrated neuromechanical model. Fron-
tiers in Computational Neuroscience. 2012; 6:10. doi: 10.3389/fncom.2012.00010 PMID: 22408616
36. Gjorgjieva J, D B, Haspel G. Neurobiology of Caenorhabditis elegans locomotion: where do we stand?
BioScience. 2014; 64:476–486. doi: 10.1093/biosci/biu058
37. Aslan B, Zech G. Statistical energy as a tool for binning-free, multivariate goodness-of-fit tests, two-
sample comparison and unfolding. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment. 2005; 537(3):626–636. doi: 10.
1016/j.nima.2004.08.071
38. Sokal RR. Numerical Taxonomy. Freeman; 1966.
39. Grisoni K, Martin E, Gieseler K, Mariol MC, Ségalat L. Genetic evidence for a dystrophinglycoprotein
complex (DGC) inCaenorhabditis elegans. Gene. 2002; 294:77–86. 12. doi: 10.1016/S0378-1119(02)
00762-X PMID: 12234669
40. Mongan NP, Baylis HA, Adcock C, Smith GR, SansomMSP, Sattelle DB. An extensive and diverse
gene family of nicotinic acetylcholine receptor alpha subunits in Caenorhabditis elegans. Receptors
and Channels. 1998; 6:213–228. PMID: 10100329
41. Squire MD, Tornoe C, Baylis HA, Fleming JT, Barnard EA, Sattelle DB. Molecular cloning and function-
al co-expression of a Caenorhabditis elegans nicotinic acetylcholine receptor subunit (acr-2). Recep-
tors. 1995; 3:107–115.
42. Combes D, Fedon Y, Toutant JP, Arpagaus M. Acetylcholinesterase genes in the nematodeCaenor-
habditis elegans. International Review of Cytology. 2001; 209:207–239. doi: 10.1016/S0074-7696(01)
09013-1 PMID: 11580201
43. Zhu H, Duerr JS, Varoqui H, McManus JR, Rand JB, Erickson JD. Analysis of point mutants in the Cae-
norhabditis elegans vesicular acetylcholine transporter reveals domains involved in substrate translo-
cation. Journal of Biological Chemistry. 2001; 276:41580–41587. doi: 10.1074/jbc.M103550200 PMID:
11551909
44. Belongie S, Malik J, Puzicha J. Shape context: A new descriptor for shapematching and object recogni-
tion. In: NIPS. vol. 2; 2000. p. 3.
45. Shechtman, E, Irani, M. Matching local self-similarities across images and videos. In: Computer Vision
and Pattern Recognition, 2007. CVPR’07. IEEE Conference on. IEEE; 2007. p. 1–8.
46. Deselaers, T, Ferrari, V. Global and e cient self-similarity for object classification and detection. In:
Computer Vision and Pattern Recognition (CVPR), 2010 IEEE Conference on. IEEE; 2010. p. 1633–
1640.
47. Sznitman R, Gupta M, Hager GD, Arratia PE, Sznitman J. Multi-environment model estimation for motil-
ity analysis of Caenorhabditis elegans. PLoS ONE. 2010; 5(7):e11631. doi: 10.1371/journal.pone.
0011631 PMID: 20661478
48. Greenblum A, Sznitman Rl, Fua P, Arratia P, Sznitman J. Caenorhabditis elegans segmentation using
texture-based models for motility phenotyping. IEEE Transactions on Biomedical Engineering. 2014;
61:2278–2289. doi: 10.1109/TBME.2014.2298612 PMID: 25051545
49. Csurka G, Dance CR, Fan L, Willamowski J, Bray C. Visual categorization with bags of keypoints. In:
Workshop on Statistical Learning in Computer Vision, ECCV; 2004. p. 1–22.
50. Sivic J, Zisserman A. E cient Visual Search of Videos Cast as Text Retrieval. IEEE Transactions on
Pattern Analysis and Machine Intelligence. 2009; 31(4):591–606. doi: 10.1109/TPAMI.2008.111 PMID:
19229077
51. Lowe, DG. Object recognition from local scale-invariant features. In: Proceedings of the International
Conference on Computer Vision-Volume 2 - Volume 2. ICCV’99; 1999. p. 1150–.
Motility Phenotyping C. eleganswith SIFT
PLOSONE | DOI:10.1371/journal.pone.0122326 March 27, 2015 15 / 16
52. Zhou X, Zhuang X, Yan S, Chang SF, Hasegawa-Johnson M, Huang TS. SIFT-Bag kernel for video
event analysis. In: Proceedings of the 16th ACM international conference on Multimedia. ACM; 2008.
p. 229–238.
53. Vedaldi A, Fulkerson B. VLFeat: an open and portable library of computer vision algorithms. In: Pro-
ceedings of the international conference on Multimedia. MM’10. ACM; 2010. p. 1469–1472.
54. Davies DL, Bouldin DW. A Cluster Separation Measure. IEEE Transactions on Pattern Analysis and
Machine Intelligence. 1979; 1(2):224–227. doi: 10.1109/TPAMI.1979.4766909 PMID: 21868852
55. Bentley JL. Multidimensional Binary Search Trees Used for Associative Searching. Commun ACM.
1975; 18(9):509–517. doi: 10.1145/361002.361007
Motility Phenotyping C. eleganswith SIFT
PLOSONE | DOI:10.1371/journal.pone.0122326 March 27, 2015 16 / 16
